M
any native and ornamental grasses can provide yearlong beauty and interest including autumn and winter (Plowes, 2012) to residential, business, municipal, and natural landscapes. They can be used as specimen plants; accent plants; or for groupings, screening, and massing in parks and on golf courses; and even in problematic areas to reduce management requirements and operating expenses. The dried leaves, stalks, and inflorescences of tall and medium-height grasses can provide value to the winter landscape by creating rustling sounds in the wind and by attracting birds (Kalb, 2009 ), if they are not completely covered by snow. Tall grasses are defined as those that grow higher than 5 ft; the height of medium-sized grasses ranges from 2 to 5 ft, and short grasses are less than 2 ft (Love, 2012; Love and Salaiz, 2009) .
If the correct grass species is selected, native and ornamental grasses can thrive in adverse growing conditions ranging from hot to cold air temperatures, dry to wet soil conditions, alkaline to acidic soils, nutrient-deficient and saline soils, and even among competing vegetation (Greenlee and Fell, 1992; Koppler et al., 2014) . Some grasses will tolerate light to moderate shade (Wilson, 2011) . Most native and ornamental grasses are susceptible to few insect or disease problems which reduces the need for pesticide inputs (Fech et al., 2007) . The extensive root system of most warm-season grasses allows the plants to extract water from a larger soil profile (drought avoidance); cool-season ornamental grasses routinely go dormant during hot or dry periods. When adequate moisture and favorable growing conditions return, the apical meristem begins to produce new leaves (drought tolerance) (Fry and Huang, 2004) . These grasses are often used in landscapes in communities that routinely implement watering restrictions during the summer months.
Residents and landscape managers in the upper midwestern United States frequently rely on extension service information provided by the University of Minnesota (Meyer et al., 2008) to select cold-hardy grass species. There is a need for more research that addresses the survivability of native and ornamental grasses in the diverse soil and environmental growing conditions found throughout the upper midwestern United States. Some grasses have the ability to survive in U.S. Department of Agriculture (USDA) climate zones lower than the zone in which they are listed and some should be reevaluated for cold hardiness. Silver banner grass, an extremely cold-hardy species, is typically listed as a grass that can survive in zones 4 to 5 (Greenlee and Fell, 1992; Kurt Bluemel, Inc., 2015) . However, researchers at the University of Minnesota found that silver banner grass has the ability to survive in USDA zone 2 (Meyer, 2012) . Some grasses may be more widely accepted by nursery professionals and gardeners in the upper midwestern United States, if it can be proven that they are cold hardy enough to survive in zone 4 and also perform at an acceptable level under a low-input regime.
The objective of this study was to determine the cold hardiness and survivability of 15 tall, warm-season, native and ornamental grasses planted 
Materials and methods
On 21 June 2010, 15 tall, warm-season, native and ornamental grasses were planted from 1-gal containers to a fully exposed site on the North Dakota State University campus at Fargo (lat. 46°53#31$N, long. 96°48#46$W) and on 1 July 2010 at the USDA, Agricultural Research Service Northern Great Plains Research Laboratory in Mandan, ND (lat. 46°48#40$N, long. 100°54#50$W). The plants were arranged in a complete randomized block design with three replications of each grass. The grasses were spaced 8 ft apart within each row and 8 ft between rows.
The germplasm sources of the grasses evaluated in this trial originated from Germany, New Jersey, Nebraska, and Wisconsin.
The soils at the Fargo site are described as a Fargo silty clay [fine, smectitic, frigid Typic Epiaquerts (USDA, 2015) ] with a pH of 8.1. The soils at the Mandan site are described as a Tally-Parshall complex (coarse-loamy, mixed, superactive, frigid Typic Haplustolls), fine sandy loam (USDA, 1998a (USDA, , 1998b , and a Telfer (sandy, mixed, frigid Entic Haplustolls) loamy fine sand (USDA, 1999) with a pH of 7.0.
Immediately after planting, the grasses were irrigated via drip irrigation. The drip system was assembled with 16-mm polyethylene tubing (part no. XFD100; Rain Bird Corp., Azusa, CA) that ran the length of each 120-ft row. Emitters (part no. XBO5PC, Rain Bird Corp.) were inserted into the pipe at the base of each plant to provide water at 0.5 gal/h. Each plant received 1 gal of water daily for the first 4 weeks after planting and then was irrigated only to prevent stress during the remainder of the growing season. Grass stress was evaluated by looking for the first signs of leaf rolling (wilting). No artificial irrigation was provided after the first season.
A 4-inch layer of spring wheat (Triticum aestivum) straw was applied between rows at the Fargo site Table 1 . Number of tall grasses that survived the winter month of 2010-11, 2011-12, and 2012-13 2010-11 2011-12 2012-13 2010-11 2011-12 2012-13 Big bluestem (species) 3-9 2 2 2 3 3 3 'Pawnee' big bluestem Survival numbers were based on three replications of each grass; evaluations were taken after spring green up.
x USDA hardiness zone information (Bluebird Nursery, 2015; Kurt Bluemel, Inc., 2015; Missouri Botanical Garden, 2015; Wilson, 2011) . Means of three replicates; numbers in a column followed by the same letter are not significantly different according to Duncan's multiple range test at P = 0.05.
on 19 Aug. and at the Mandan site on 23 Aug. to prevent water loss and reduce weed establishment during the first season. Straw mulch was not reapplied after the first application decayed. Wheat straw can inhibit the growth of weeds (Bertholdsson, 2005; Hamdi et al., 2001; Nakano et al., 2006) . However, no published evidence could be found that cites an allelopathic effect on the grasses observed in this study. Initially, weeds were controlled by a combination of spot treating with glyphosate at 2 fl oz/gal and physical removal with a hoe or by pulling by hand. After the first year, grassy and broadleaf weeds in close proximity to plants were pulled by hand, whereas weeds between plant rows were controlled by mowing. Soil surface and subsurface temperatures were recorded in the fall and winter with wireless Lascar data loggers (model no. EL-USB-1; Lascar Electronics, Salisbury, UK) that were placed on the soil surface within a row of grasses at the north and south perimeter and the center of the trial. By Nov. 2010, most of the straw mulch had blown away or decayed with only remnants remaining on the soil surface; thus it should not have affected the soil surface temperatures. Each surface sensor was anchored in place with a 4-inch landscape staple. Sensors were also buried 6 inches below the soil surface in close proximity to each surface sensor to record the subsurface soil temperatures. The sensors were removed and data retrieved each spring after the grasses broke dormancy. Air temperatures at both sites were provided throughout each growing season by the North Dakota Agricultural Weather Network (NDAWN, 2015) .
An assessment of winter survival was taken in mid-to-late spring in 2010-13 after the grasses broke dormancy. Nonsurviving plants could be accurately counted at that time. Spring vigor ratings were also taken at the same time in 2012-13 and were based on the amount of relative biomass produced. Plant vigor ratings were based on a scale of continuous integers ranging from 0 to 10, where 0 = dead, 1 = slightly detectable living biomass, 6 = moderate amount of living biomass, and 10 = abundant living biomass. Fall quality ratings were taken in Oct. in 2012-13 and were based on a combination of color, density, uniformity, texture, disease, and environmental stress (Morris and Shearman, 2006) . Plant quality was also based on continuous scale ranging from 0 to 10 where 0 = dead, 1 = poorest, 6 = generally acceptable, and 10 = perfect/ideal. The term ''acceptable'' used in any of the rating scales in this study is an indication that the grass is suitable to be used as a landscape plant. To determine leaf length and flower height, the longest leaf and tallest flower of each plant were measured (in Oct. 2012-13) to the closest centimeter from the soil surface to the tip of the leaf or flower. The longest leaf was artificially extended vertically to its maximum length before measuring. Leaf length, flower height, vigor, and quality measurements in 2010-2011 were variable. Therefore, the authors considered Fall leaf length was measured to the closest centimeter in Oct. 2012-13; the longest leaf was artificially extended vertically to its maximum length before measuring; 1 cm = 0.3937 inch.
x Means of three replicates; numbers in a column followed by the same letter are not significantly different according to Duncan's multiple range test at P = 0.05.
that period an establishment phase and the data were not provided. The analysis of variance procedure in SAS (version 9.3; SAS Institute, Cary, NC) was used to test for treatment effects. Means were separated by Duncan's multiple range test when a significant (P £ 0.05) difference occurred. Mean squares were equated to expected mean squares to determine the proper F tests and the Satterthwaite procedure (Carmer et al., 1989 ) was used to synthesize mean squares when necessary. Since years and locations were both considered random effects, the best estimate of each treatment effect was the mean, averaged across locations and years (Moore and Dixon, 2015) . The mean of each treatment in the two locations is provided to show whether the treatment effects were consistent across locations (McIntosh, 2015) . Genotype was considered a fixed effect while year, location, and replication were considered random effects.
Survival was measured as the number of replicates with surviving plants divided by the total number of replicates. Since the numerator of the proportion (survival score) represents the number of replicates with surviving plants, it was not possible to conduct the analysis of variance on the survival score and for this reason the associated Duncan's multiple range comparisons cannot be reported.
Results and discussion
PLANT SURVIVAL. By the conclusion of the field trial at the Fargo location in Oct. 2013, all replicates of silver banner grass, 'Silver Feather' maidengrass, and giant miscanthus were still alive. Two of the big bluestem (species) and 'Pawnee' big bluestem replicates survived as did only one replicate of 'Grosse Fontaine' maidengrass and 'Narrow Leaf' maidengrass. Each replicate of the following maidengrass cultivars were dead: Gracillimus, Zebrinus, Autumn Light, Blondo, Condensatus, Morning Light, and Strictus, in addition to all hardy pampas grass replicates (Table 1) . For reasons stated in ''Materials and Methods,'' an analysis of variance on survival could not be provided.
By the conclusion of the Mandan trial, all big bluestem (species), 'Pawnee' big bluestem, and silver banner grass replicates survived and only one 'Narrow Leaf ' maidengrass replicate survived. The eight grasses that had a100% mortality rate at the Fargo location also died at the Mandan site in addition to 'Silver Feather' and 'Grosse Fontaine' maidengrass and giant miscanthus (Table 1) .
SPRING VIGOR. A significant (P £ 0.05) grass · location interaction was observed in spring vigor between the Fargo and Mandan sites (Table 2) . Although there was a change in rank with silver banner grass, it had an acceptable level of vigor at Fargo (10) and Mandan (9.2) (see page 6 for rating parameters). A change in rank indicates a relative difference in the order of spring vigor from high to low between the two sites. 'Pawnee' big bluestem also had an acceptable level of vigor at Fargo (6.3) and Mandan (9.5). However, big bluestem was acceptable at Mandan (10) but not Fargo (5). 'Narrow Leaf' maidengrass survived at both sites but had spring vigor rates lower than acceptable at Fargo and Mandan (0.8 at both locations). The other 11 grasses died at one or both sites and had spring vigor rates at less than acceptable levels.
FALL QUALITY. A significant (P £ 0.05) grass · location interaction was observed in fall quality between the Fargo and Mandan sites (Table 3) . There was a change in rank with silver banner grass, 'Pawnee' big bluestem, and big bluestem (species). 'Pawnee' big bluestem had an acceptable fall quality rate at the Mandan site (6.5) but none of the aforementioned grasses had an acceptable fall quality rate at either site. 'Narrow Leaf' maidengrass survived at both sites but had fall quality rates lower than acceptable at Fargo (1.5) and Mandan (0.5). The other 11 grasses died at one or both sites and had fall quality rates at less than acceptable levels.
FALL LEAF LENGTH. Silver banner grass produced the longest leaves with an average length of 119.0 cm which was significantly greater than 'Pawnee' big bluestem (90.0 cm) (Table 4) . Giant miscanthus produced an average length of 80.0 cm, which was significantly similar to 'Pawnee' big bluestem and big bluestem (species) • December 2016 26 (6) (70.0 cm). Big bluestem (species) produced an average leaf length significantly equivalent to 'Silver Feather' maidengrass (54.0 cm). Both produced an average leaf length significantly longer than 'Blondo' maidengrass (29.0 cm), 'Narrow Leaf' maidengrass (23.0 cm), and 'Grosse Fontaine' maidengrass (13.0 cm). The remaining seven grasses died before leaf length measurements were taken. FALL FLOWER HEIGHT. The three tallest grasses after anthesis were 'Pawnee' big bluestem with an average fall flower height of 133.0 cm followed by big bluestem (species) (127.0 cm) and silver banner grass (125.0 cm) ( Table  5 ). All three grasses were significantly equivalent to each other and significantly taller than 'Silver Feather' maidengrass (56.0 cm), which was significantly taller than 'Narrow Leaf' maidengrass (32.0 cm) and 'Blondo' maidengrass (27.0 cm). 'Narrow Leaf' and 'Blondo' maidengrass were significantly equivalent to each other. Only one 'Grosse Fontaine' maidengrass replicate survived by the conclusion of the trial at the Fargo site (Table 1) , but did not produce any flowers. All giant miscanthus replicates survived the duration of the trial at the Fargo site but only one replicate survived by the end of the second winter at the Mandan site. None of the surviving giant miscanthus flowered at either location. The remaining seven grasses died before flower height measurements were taken.
In summary, the low-input management regime in addition to the cold soil temperatures (Fig. 1 ) and air temperatures (Fig. 2) during winter had an effect on plant growth, performance, and survival. Soil temperatures remained at or slightly below 0°C from December through February at the Fargo location and from November through February at the Mandan site. The lowest soil temperature recorded at the Fargo location was -8.6°C, which occurred on 24 Jan. 2013. The lowest soil temperature recorded at the Mandan location was -6°C, which occurred on 1 Feb. 2013. Some silver banner grass and maidengrass cultivars can tolerate soil temperatures as low as -6.7°C. However, if soil temperatures drop gradually, miscanthus rhizomes may survive at soil temperatures as low as -14°C (Piexoto et al., 2015) . Other adverse growing conditions such as high summer air temperatures coupled with low precipitation may have had a detrimental effect on survival. The optimal growth temperature range for warm-season ornamental grasses is 27 to 35°C (Trinklein, 2006) . The month with the most days that exceeded a 35°C air temperature at the Fargo site was July 2012 with three. The total precipitation that month was 30 mm. The months with the most days that exceeded a 35°C air temperature at the Mandan site occurred during July 2012 and Aug. 2013, each with four. The total precipitation was 52.8 and 37.3 mm, respectively, during July 2012 and Aug. 2013 (NDAWN, 2015 (Table  6 ). It is highly unlikely that the summer air temperatures that exceeded the optimal growth range were the primary reason for poor growth and survival during this study.
Our results indicated that silver banner grass was the most tolerant grass to the low-management inputs and cold winter conditions. All silver banner grass replicates survived at both locations and scored the highest spring and fall quality ratings. Silver banner grass also had the greatest average fall leaf length and significantly just as tall as 'Pawnee' big bluestem and big bluestem (species) after anthesis. Although several grasses performed well in this cold-hardy, low-input trial, silver banner grass proved to be the most durable, tall ornamental grass species for use in the upper midwestern United States. Its average leaf length and flower height, which exceeded 118 and 124 cm, respectively (Tables 5  and 6 ) would make this grass an effective species for screening or creating privacy. However, its aggressive rhizomatous growth habit precludes its use in most landscapes unless an effort is made to contain its invasive nature. Given its limited acceptance as a landscape selection, silver banner grass may be a potential source of biomass feedstock for ethanol producers in the upper midwestern United States. Researchers are interested in developing cost-effective cultural methods to grow various miscanthus grasses for biofuel production (Bansal et al., 2013; Heaton et al., 2008; Scurlock 1999; Wang et al., 2012) and silver banner grass may be a suitable species for testing.
Many of the grasses evaluated in this study were grown outside of their cold hardiness range (Table 1) (USDA hardiness zone ratings for the grasses used in this study were provided by the following sources: Bluebird Nursery, 2015; Kurt Bluemel, Inc., 2015; Missouri Botanical Garden, 2015; Wilson, 2011) . Therefore, their inability to survive was not unexpected. However, one replicate of the 'Grosse Fontaine' maidengrass, rated as a zone 5 grass was able to survive the entire 3-year study at the Fargo location.
Many cold hardiness studies have been conducted on native and ornamental grasses. However, we are not aware of any that combined cold hardiness with a low-input regime. Many of the grasses that failed may have survived if they received the proper care such as supplemental irrigation, light fertilization, or soil cultivation if needed. Although it cannot be stated with certainty that the grasses that failed to survive actually died of cold exposure during winter, drought stress during summer, or a combination of both, any new data that prove the ability of ornamental grasses to survive a low-input regime in the upper midwestern United States may encourage nurseries and garden center owners in the region to carry a wider selection of ornamental grasses in their inventory.
